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Abstract 

In this review, we discuss methods of parsing direct information from collider exper- 
iments regarding the Higgs boson and describe simple ways in which experimental 
likelihoods can be consistently reconstructed and interfaced with model predictions 
in pertinent parameter spaces. Ultimately these methods are used to constrain a 
five-dimensional parameter space describing a model-independent framework for elec- 
troweak symmetry breaking. We review prevalent scenarios for extending the elec- 
troweak symmetry breaking sector and emphasize their predictions for nonstandard 
Higgs phenomenology that could be observed in LHC data if naturalness is realized in 
particular ways. Specifically we identify how measurements of Higgs couplings can be 
used to imply the existence of new physics at particular scales within various contexts. 
The most dominant production and decay modes of the Higgs-like state observed in 
the early data sets have proven to be consistent with predictions of the Higgs boson of 
the Standard Model, though interesting directions in subdominant channels still exist 
and will require our careful attention in further experimental tests. Slightly anomalous 
rates in certain channels at the early LHC have spurred effort in model building and 
spectra analyses of particular theories, and we discuss these developments in some de- 
tail. Finally, we highlight some parameter spaces of interest in order to give examples 
of how the data surrounding the new state can most effectively be used to constrain 
specific models of weak scale physics. 
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1 Introduction 



The field of elementary particle physics is entering an exhilarating new era, where the nature 
of the weak scale and possibly clues about its origins are being revealed experimentally. We 
have mounting evidence from the Large Hadron Collider (LHC) that electroweak symmetry 
breaking (EWSB) involves a scalar boson with mass near 125 GeV and a nonzero vacuum 
expectation value (VEV) [1,2]. It could well be that this is the long-sought Higgs boson [3] of 
the Standard Model (SM) [4], though decades of study regarding the theoretical implications 
of such a particle lead us naturally to hope that the most appropriate explanation for the 
new state will turn out to involve non-standard dynamics. Most notably, obtaining a mass 
of 125 GeV for the Higgs boson in the SM requires its mass parameter to be tuned with a 
precision that we have never before encountered in the study of elementary particles. 

In this review, we recap the experimental results from the measurement of various Higgs 
properties, and describe in detail how these data can directly constrain constructions that 
go beyond the standard model (BSM). We provide a detailed exposition of the methodology 
used in assessing the data, collecting in a uniform way the tools that model builders will need 
in order to themselves confront new physics scenarios with input from the LHC. Distilling 
the data from experiments to their simplest, though complete, and most user-friendly format 
in order to accomplish these tasks is the main goal of this work. 

We focus on two prevalent BSM scenarios to demonstrate the development and utility of 
the constraints from Higgs searches: first we look at cases where the Higgs is a composite 
pseudo Nambu-Goldstone boson (PNGB), and second where the Higgs is embedded into some 
implementation of supersymmetry (SUSY). In order to thoroughly and accurately confront 
theoretical hypotheses with experimental data, we review the basic elements of the former 
within each context. Both cases are devised to render the weak scale natural, with the Higgs 
mass shielded from the uncontrolled quantum effects that plague the SM. In this regard, 
we see careful measurement of the Higgs properties as indirect probes of the principle of 
naturalness. 

There are two simple statements about the cases we cover that can provide useful infor- 
mation about how naturalness may reveal itself, if indeed it is realized at all. Both rely on 
the essential fact that deviations in tree-level Higgs couplings unequivocally signal an en- 
larged EWSB sector, while deviations in loop-level couplings signal the presence of additional 
non-SM matter fields: 

• The composite Higgs scenarios rely largely on the Higgs sector itself to restore natural- 
ness. In these cases then we would generically expect large deviations in interactions 
mediated at tree-level. Loop processes, as we'll see, are typically quite SM-like except 
for some non-generic cases. 

• In SUSY, it is the addition of new matter content that is responsible for restoring 
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naturalness. In these cases, we generically expect to find loop-level processes to devi- 
ate substantially from the SM. Tree-level couplings can remain as in the SM without 
indicating a large departure from naturalness. 

We thus discuss in each case the modifications of Higgs couplings at the level of zero and 
one loops. 

We will employ a model-independent approach in the discussions to follow, with input 
from the underlying theories limited to only that which is truly essential. The utility of this 
formalism is that it highlights the pragmatic question of whether or not the state observed at 
125 GeV is single-handedly responsible for completing the physics below that scale, or rather 
if additional states associated with EWSB should be anticipated. We know for instance that 
tree-level couplings of a light Higgs in extended EWSB sectors adhere to simple sum rules 
applying for a particular species: 



i.e. the magnitude of couplings' deviations from the SM must be inversely related to the 
masses of additional fields. We thus have very well-defined questions — how SM-like do the 
couplings of the light state appear? — with practical implications, but that can also begin to 
put naturalness to the test experimentally for the first time. 

We emphasize that our intent is not to provide an exhaustive review of alternative sce- 
narios for EWSB nor to give a complete bibliography for these alternatives, though we do 
provide accessible entry points to the literature. Further we stress that even now, the re- 
sults we present must be taken somewhat provisionally and improved upon as statistical 
significance of the LHC data increases. 

We organize the review as follows. In Section 2 we give an overview of an effective theory 
of EWSB that will serve as the formalism for all cases we consider. In Section 3 we review the 
experimental input from the LHC, and discuss how it can directly probe the effective theory. 
In Section 4 we turn to the case study of the composite PNGB Higgs, and in Section 5 to 
the case of multi-Higgs models in SUSY. We conclude in Section 6. Various details of the 
precise experimental input and its application, along with a brief review of some necessary 
theoretical formalism, are relegated to three appendices. 



2 Theoretical Overview: An Effective Theory of EWSB 



We begin by reviewing the bottom-up construction of a theory of EWSB that will encompass 
the models discussed below. We make no mention of the SM as an input to the theory: 
the Lagrangian we present below is meant as a description of low-energy physics that can 
eventually be understood as part of a more complete UV dynamics [5] . In different models, 
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the operators we focus on will have coefficients with forms that are characteristic of the 
particular model. To thoroughly explore the weak scale, however, it is convenient to proceed 
in a model-independent way. The SM emerges only as a particular limit of the general 
framework, albeit the only limit where the framework by itself is really complete to arbitrarily 
high scales when gravity is neglected. 

In the absence of a Higgs boson, our low-energy weak scale physics is described by a 
nonlinear sigma model (NLSM), and one of the most pressing questions for the LHC is 
whether or not the theory is fully linearized below the strong-coupling cutoff at 4nv ~ 
TeV. Prior to any data taken at the LHC, we already had compelling hints from precision 
data collected at LEP [6] that this strong coupling limit would not be reached without the 
intervention of new physics: logarithmic corrections to precision parameters [7] in particular 
were found to prefer a cutoff well below the onset of strong coupling within the NLSM. LEP 
seems to have been advocating for the SM with a light (< 200 GeV) Higgs, and the LHC is 
now testing this directly. 

Experimental results from LEP did not unequivocally identify the Higgs boson of the 
SM as the only possibility for completing weak scale physics, but it was made clear that a 
Higgs-like state would be a welcome new participant in the chiral lagrangian. Our starting 
assumption is thus simply that the NLSM is appended by a custodial singlet scalar with 
unspecified couplings. In unitary gauge, we have [8] 



£ = £ (2) + £ (4) , (2.1) 



where 



£ (2) = \{d,hf - l -m 2 h h 2 - Y, rn^U + cJ^ + 0{h 2 ) 

ip=u,d,l 

- (mlrW^W + ^m 2 z Z^ (l + 2a- v + 0(h 2 )^j ; (2.2) 

£(4 ) = gem ( C _WW W+W - , C ZZ 2 C Zl 2 \h 

4vr V s 2 w + s 2 w c 2 w ^ + s w c w » vliiV + 77 V 

The SM in this framework corresponds to the singular limit a = c = 1, with vanishing. 
The weak gauge bosons and top quark remain in the theory, so loop-induced couplings of 
h involving these fields can be derived by appropriately rescaling the expressions derived in 
the SM, using factors that we summarize in Appendix. C. 

From the Lagrangian, Eq. (2.2), we see that the dominant single-Higgs production mech- 
anisms shown in Fig. 1 are related in simple ways to their SM counterparts. Given these 
couplings, we can make concrete predictions in the generic space for the event rates one 
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Figure 1: Dominant single-Higgs production from 0(p 2 ) terms of Eq. (2.2) 
level is rescaled by c 2 compared to the SM, VBF and VH by a 2 . 



Gluon fusion at this 



would observe experimentally. Comparing directly to results presented from the LHC col- 
laborations then allows constraints to be constructed in any model of interest. Many such 
applications of the data have appeared in the literature, cf. [9-11]. 

3 Experimental Input: Higgs at Hadron Colliders 

We focus on Higgs searches and direct data regarding its existence coming from the LHC 
and Tevatron. At present there are five primary final states used in the Higgs search. In 
order of increasing sensitivity to a 125 GeV SM Higgs, these channels are h — > bb, h — >■ rr, 
h — > WW, h — > 77, h — > ZZ. In each case, we'd like to know how observed event yields 
compare to those predicted in a generic BSM scenario. 

The simplest way to proceed with this task is to rescale the well-known rates of the SM 
by appropriate factors. We express the rescaling factor for each channel accounting for cuts 
and their associated efficiencies, (, for a Higgs decaying to state / as 

f ^<T(pp^h + X(r)) su x(fxBR(h^f) m ' 

The sum is performed over all production modes for the final state involving /, and we see 
that knowledge of the is critical. Assuming for example a final state / = W + W~ , x% 
of which are produced via gluon fusion and (1 — x)% via vector boson fusion, the rescaling 
(neglecting c gg of Eq. (2.2) and assuming gluon fusion is dominated by the top quark) is 



R ~ (3.2) 

[x x c 2 t + (1 — x) x a 2 ] x 



production 



a 2 



a 2 BR{h WW, ZZ) + c 2 BR{h bb) + c 2 BR{h rr) 

V 

decay 



Thus cut efficiencies are what allow us to appropriately identify the weight of each coupling 
in a particular channel's production rescaling. 
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From the experimental data, a likelihood Lf can now be constructed for each channel / 
as a function of Rf through which the model parameters enter. The crucial task for which 
L is used can be phrased in a Bayesian language as answering the question of how likely 
an underlying theory prediction of n events is given an outcome of n Q b s measured events. 
Denoting the predicted number of events in terms of a number ub of background events, and 
a number of signal events ns given in units of the SM prediction, i.e. n = ubg + Rns, the 
likelihood — modeled as a Poisson distribution — is as follows: 

L f (R f ) oc n n ° hs exp[-{n B + R f n s -n ohs )] (3.3) 
'-(n B + Rn s - n ohs ) 2 ] 



large n 

— > exp 



Za obs 



The total likelihood is then the simple product, 



£ t ot=n L /- ( 3 - 5 ) 

Combining channels in this way neglects correlations between channels, which is presently 
necessary since these correlations are not publicly available. Until uncertainties are domi- 
nated by systematics, however, this does not amount to a significant practical limitation, 
and we find it preferable and more accurate to use individual channel data at the expense 
of ignoring correlations. We demonstrate this explicitly in Appendix A. 

In the simplest presentation of likelihoods, one assumes that all SM rates are rescaled by 
a single factor (signal strength modifier) /i. From Eq. (2.2) this corresponds to modifying 
just the production, via 

a, c — > y/Ji. (3.6) 

This allows constraints to be placed in the one-dimensional parameter space defined by 
More generally we'd like to know how the functions Lf vary in multi-dimensional spaces. A 
simple way to do this is to use constraints on the signal strength from either exclusion plots 
or best fits, reconstructing the likelihood using one of the methods reviewed in Appendix A. 
In Tables 2-4 of that appendix, we summarize the experimental results from the LHC and 
Tevatron Higgs searches, all of which are used in the total likelihood we use for fits presented 
below. 



4 Case Study I: Warped and Composite Models 

We turn now to concrete cases that may realize naturalness, and that can be accommodated 
within the general framework of Eq. (2.2). In each case we will see that the demands of 
naturalness can be expressed with the functional forms for the Higgs couplings. Tree-level 
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couplings probe the EWSB sector directly, while loop-level couplings probe the presence of 
additional matter content outside the Higgs sector. In the case of composite Higgs, which 
we discuss in this section, the latter are required in order to give SM fields their masses; in 
minimal SUSY (discussed in the following section) they are desired for naturalness. 

The first class of models that we will focus on is that of warped and composite setups. 
A single fundamental scalar that linearizes the low-energy theory would be a truly unique 
discovery, making the Higgs model of the SM a tremendous possibility. It is also however 
a singular limit of a much broader framework that can begin to complete the low energy's 
NLSM, and a composite origin for the Higgs takes advantage of this fuller theory space. It 
thus serves as a concrete example of BSM physics at the weak scale, and provides a useful 
illustrative example of how a bottom-up approach can lead to powerful model-independent 
constraints on EWSB. 

We follow the guiding principle (reviewed for instance in [12]) that the Higgs is a Gold- 
stone state of some new strong dynamics, providing an extension of earlier composite mod- 
els [13]. The Goldstone symmetry allows only derivative couplings for the Higgs, meaning 
that a shift symmetry is realized on this state (forbidding a mass term in the absence of 
symmetry-breaking spurions). Such a symmetry is assumed here since the Higgs is observed 
to be light relative to the implied confinement scale and the mass of other resonances. In 
four dimensions this situation can be easily understood in analogy with QCD and its dual 
sigma model in the IR. The generalization we need to make amounts simply to enlarging the 
inventory of Goldstone bosons (pions) to include a Higgs-like state. 

The picture of the effective dynamics here afforded by five-dimensional constructions, 
stemming from the initial work in [14], has the EWSB sector residing on or near a 4D 
brane ('TeV brane') whose presence breaks the model's would-be conformality and gives rise 
to states with weak-scale masses. The extra dimension is bounded by a second ('Planck') 
brane where the elementary states are localized. Here we will identify a 4D setup of sufficient 
clarity and completeness to illustrate crucial symmetry properties of the IR physics in 4D 
and 5D, so will not expound on particular details of extra-dimensional models. 

We will make use of the formalism of Callan, Coleman, Wess, and Zumino (CCWZ) [15] 
throughout this section, and review the formalism in Appendix B. In general we consider 
some new confining dynamics that respects a global symmetry G, with a vacuum state that 
breaks this symmetry to a subgroup if at a scale A ~ 47r/. The Goldstones span the coset 
space G/H, and the low-energy states are classified in multiplets of H. 1 We can imagine 
then gauging the entire subgroup H, and inducing a misalignment between it and the coset 
G/H by giving a VEV to one of the Goldstones; we illustrate this in Fig. 2 for the simple case 
of breaking spherical to rotational symmetry. Any gauge directions with nonzero projection 
onto the misaligned coset will become massive. We can use this fact to correctly produce 

1 In the case of two-flavor QCD this is just the statement that low-lying composite states are arranged 
according to their isospin. 
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Figure 2: Illustration of vacuum misalignment and spontaneous breaking of gauged directions of 
H induced from a rotation of (fro, by angle $ along a VEVed direction of the Goldstone space G/H. 



EWSB by partially aligning the directions corresponding to the W and Z bosons with a 
coset space that has been rotated by a composite Goldstone Higgs with nonzero VEV. The 
mass of the Higgs itself arises at loop level from terms of some generic coupling \g that 
break the shift symmetry, schematically giving 

The lightness of the Higgs is thus understood as a loop suppression between it and the scale 
of the new dynamics. 

Specializing to the case of SO(N) / SO(N — 1) for the sake of demonstration, we can begin 
with a 'standard vacuum' as in Fig. 2 

(0o) = (0,0,...,/) T (4.2) 

and identify the Goldstones n(x) as fluctuations of this vacuum about the angular directions, 
denoted by a: 2 

C(x) = exp (iV2<K«{x)T«/f) . (4.3) 

After the Higgs acquires a VEV and breaks electroweak symmetry, we find the rotated 
vacuum state: 

(0) = (0,...,/sintf,...,/costf) T , (4-4) 

formalization factors appearing in deriving these expressions depend on the choice of normalization for 
the group generators. In our example we've taken tr (T A T B ) = S AB . For explicit forms of generators in the 
minimal coset SO(5)/SO(A), we refer to the appendix of [12]. 
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where the newly nonzero component corresponds to direction to which we associate the 
Higgs. We see then explicitly how the Higgs VEV acts as a measure of the vacuum misalign- 
ment. 3 Eq. (4.4) can be understood as a rotation of the standard vacuum, 



b h-> E(x) ■ 



where 



c [X] 



cxp 



V2iT &h ir &h (x)/f 



(4.5) 



(4.6) 



and the Higgs direction is set to its VEV, i.e. (-K ah (x)) — > fif. This vacuum, Eq. (4.4), is the 
one we expand around in the discussions to follow. Expanding in this way can be carried 
out by rotating all (and only) the broken generators via 



T a ^ E(x)T 



X) 



(4.7) 



Carrying this out for a specific model gives all the ingredients needed to describe the Higgs 
sector in isolation, and allows us to identify the composite Higgs h(x) = n ah (x) +$/ and its 
conventional VEV as 



/sini?. 



(4.8) 



4.1 Couplings of a Composite Higgs: Tree Level 

The tree-level couplings of a composite Higgs are somewhat model dependent. The couplings 
of the fermions depend on the assumptions that are made regarding global symmetries of 
the composite sector, and the representations that are chosen for the SM fields. However, 
the couplings at tree-level already serve to probe the level of naturalness in any of these 
theories: couplings are determined by the confinement scale of the new strong dynamics, 
which has a simple relationship to the level of tuning required to obtain a weak-scale VEV 
for the composite Higgs. 

Couplings of a composite Higgs to weak gauge bosons are nearly model-independent 
(with the notable exception of cases involving extended Higgs representations, cf. [17]). 
From Eq. (4.8), expressing the direct coupling of two vectors to the strong sector as 

dm2y - 1 g 2 fsmH (4.9) 



df 2 



f 

= 9vvh(SM) x - x sin 2 d 
v 

3 Thc misalignment is coming from some dynamics that we will leave unspecified; realistically we expect 
this to arise from some interplay of top loops, gauge loops, and other sources of breaking of G. A UV-completc 
example of this can be found in [16]. 
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we can find the Higgs coupling directly from Eq. (1.1): 



9vvh + 



drriy 



9 VVh (SM) 



9vvh 
9vvh( SM ) 



(4.10) 



More explicitly we note that the couplings can be easily computed in the CCWZ construction 
from the two-derivative term containing the masses of the broken gauge fields: 



A£ eff = ^tr(<yr) 



(4.11) 



As can be seen from the expansion of d in terms of pion fields (cf. Appendix B) the coefficient 
of Eq. (4.11) is determined simply by fixing canonically normalized kinetic terms for the 
pions. From the expansion, and defining 



Gi{x) 



d a u d a( * 



A*(x) Tt b (x) tr ( T A T b T a 



Aj(x)+i^Gj(x) 



(4.12) 
(4.13) 



one straightforwardly recovers Eq. (4.10). This form highlights the fact that the compos- 
ite Higgs setup interpolates between a technicolor limit where v = f and the Higgs state 
decouples entirely, and the SM where / — > oo and the hierarchy problem fully returns. 

The form Eq. (4.10) also gives a first estimate of the scale of new physics we might 
anticipate given a measurement of the coupling itself. Following [18], we expect vector 
resonances p that couple generically with strength g p to other composite fields to enter with 
masses 



m, 



9lf 



16tt^ 



where N is the number of colors associated with the confining gauge group. Thus 

4irv 



^(l -a 2 ) x N 



(4.14) 



(4.15) 



Large (small) deviations from a = 1 correspond to the presence of typically light (heavy) 
vectors, and we see explicitly the connection between the decoupling of additional states 
from the EWSB sector and the return to SM-like values of Higgs couplings. 



Minimal Composite Higgs 4 and 5 (MCHM4, MCHM5): In order to see how 
fermion couplings are expressed as functions of the scale of the confining dynamics, we discuss 
two models based on a minimal coset that endows the theory with a custodial symmetry. 
These are the 'Minimal Composite Higgs' models [19], with G/H = SO{b)/SO{A) giving 
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four Goldstone bosons, one of which is identified as a composite (pseudo-Goldstone) Higgs. 
We will not cover specific model details here, but rather quote the important results and 
refer to the original literature for more complete discussions. 

In MCHM4, SM fermions are embedded in the spinor 4 representation of the global 
5*0(5); in MCHM5 they are embedded in a fundamental 5. These different setups give 
different relations for the fermion couplings relative to the confinement scale: 



.(4) 



.(5) 



l-2v 2 /f 2 



(flavor universal) 
(flavor universal) 



(4.16) 
(4.17) 



In these models, then, all tree-level Higgs couplings are suppressed by the strong dynamics. 
We can thus construct likelihoods as a function of v/f; we show this in Fig. 3. 



Minimal Composite Higgs [MCHM4] 




Minimal Composite Higgs [MCHM5J 
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Figure 3: LHC likelihoods for Minimal Composite Higgs models. While there may remain some 
preference for a small deviation from the SM within some setups, a high strong scale would be 
implied. 



The 'Generic Composite Higgs' When all SM fermions are embedded in equivalent 
representations we will find a flavor-universal rescaling of their couplings, but the precise form 
of this rescaling depends on symmetry assumptions. We thus consider a 'generic composite 
Higgs', in which the fermion rescaling is assumed universal but is otherwise unspecified 
(see [20] for more details along these lines). Such a picture suggests examination of the 
general space spanned by the vector coupling, a, and the fermion coupling, c. Likelihoods 
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from LHC and Tevatron data combined are shown in such a space, along with a breakdown 
of channels, in Fig. 4. 4 

Combined Likelihoods: ATLAS + CMS + Tevatron 




0.0 0.5 1.0 1.5 2.0 



a 

Figure 4: Breakdown and combination of all final states participating in the global fit. Individual 
contours are shown at 95% CL and the combination is shown at 68% and 95%. 



4.2 Couplings of a Composite Higgs: Loop Level 

Partial Compositeness Before turning to results for loop-level modifications of Higgs 
couplings, we must discuss a mechanism by which flavor can be generated in the composite 
Higgs scenario. At issue is the essential point that SM fermions must be linked somehow to 
the strong dynamics that breaks electroweak symmetry. We consider three options: i) the 
fermions couple bilinearly to the strong sector through heavy mediators, as in extended and 
bosonic technicolor and their variants [22,23]; ii) the fermions couple to the strong sector 
linearly by mixing with fermionic composites as in [24] ; or ra) the fermions themselves reside 
in the strong sector [14,25]. In the first case the fermions are elementary into the far UV, 
while in the latter two there will be some degree of compositeness for these fields revealed 
at low scales. Fully composite SM fermions have been disfavored by LEP [26], while models 

4 We note that the second solution (c < 0) in Fig. 4 is found due to excesses in the 77 mode; c interferes 
constructively with a in the loop process governing this Higgs decay only if the two couplings have opposite 
signs, hence the slight overall preference for negative c. If such 77 excesses persist, more refined techniques 
will be required in order to assess the sign of Ct- This issue has been taken up recently in [21]. 
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with fully elementary fermions face some difficulty in obtaining the top mass without some 
additional strong dynamics [27]. 

We choose a simplified setup that describes both the 4D and 5D pictures and their 
associated low-energy phenomenology, and corresponds to the second option above for in- 
corporating flavor. The idea is that of partial compositeness, where the elementary (Planck 
brane) states and composite (TeV brane) states are considered to exist in two separate sec- 
tors coupled by a mass mixing [24]. Since the Higgs is considered to be fully composite, 
couplings between it and the SM fields require the latter to live partially in the composite 
sector as well. Thus each SM state is mixed with a composite partner state of the same 
quantum numbers, allowing the SM to become massive. 

For some simple intuition of partial compositeness and its necessary ingredients, we look 
to a very basic toy model. We imagine an elementary sector to consist of only elementary top 
quarks q% and t c , and suppose that there is a vector-like fermion Q in some representation of 
the strong sector's global symmetry G with which the top can mix. Provided Q contains an 
electroweak doublet of hypercharge 1/6 (denoted as a projection Q = PdQ) and a singlet of 
hypercharge 2/3 (denoted T = P S Q), we can construct the following mass terms: 

AC = M(QQ + TT) + (\ L qlQ R + \J R T L + h.c). (4.18) 

The mass eigenstates are thus defined with respect to a mixing angle, 9, as 



Ql\ ( cos 9 sin9\ (Ql\ n A 



; t an0 = ^. (4.19) 



jjSmj ^-sin^ cos9j\q L J J M 

This gives a massless eigenstate g| M , and a state Ql with mass 

M \ L 



M Q = a= a- ( 42 °) 

v cos# sm6> 

The SM fields are massless before EWSB and have the form 

q s L M = q L cos9 -Q L sin9 . (4.21) 

As these fields become increasingly composite (i.e. as sin# — > 1 by taking large or M 
small), they interact more strongly with the composite Higgs. When the latter acquires a 
VEV, then, the spectrum of the SM fermions is dictated by their degree of compositeness. 
Moreover, SM fields with a large degree of compositeness (e.g. the top) are expected to be 
accompanied by fermionic partners from the strong sector itself that may remain relatively 
light. These new states have interesting phenomenological implications themselves, though 
here we consider their relevance only through implications they will have for the Higgs and 
its (loop-level) couplings. 
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Loop-Induced Couplings from Composites We might expect large corrections to loop- 
induced couplings of the light Higgs in the presence of partners with which SM matter and 
gauge fields mix in order to obtain mass. In general both vector and fermion resonances 
can play a role in these effects, though for brevity here we consider only the effects of the 
composite fermions and refer to [28] for discussions of composite vectors. We first consider 
how the Higgs couplings to unbroken gauge directions can be modified, and then discuss how 
couplings involving at least one broken direction are affected. 

A useful set of tools for analyzing corrections to loop-induced Higgs couplings is that of 
the Higgs low-energy theorems [29] , the idea being to treat the Higgs as a non-propagating 
background field. In this sense, the only appearance of the Higgs in the low-energy theory 
is through mass parameters of other fields to which it couples. Explicitly separating out the 
EWSB part of a given particle's mass, m^/m = d\ogm/d\ogv, we perform the following 
redefinition of masses in the Lagrangian capturing both mass and Higgs interaction terms: 

/ h d\ogm\ . A 

ro-»rox(l + - , . (4.22) 

\ v oiogv J 

The Higgs couplings can thus be derived from lower order correlation functions by expanding 
(to a prescribed order in h) the operators related to these redefined mass parameters. 5 

An example of the utility of this scheme is the derivation of the fact that the coupling 
h — > 77 is proportional to the QED beta function in the limit ph — > [29]. At loop level the 
photon two-point function is modified, due to corrections of the kinetic term coming from 
heavy particles of mass m^: 



A£ cfr = - 




(4.23) 



where bi is the appropriate factor given the spin of particle i. Treating the masses as in 
Eq. (4.22) and expanding to linear order in h gives the interaction term 

AC F^F*" x £ k \ogml (4.24) 

64n 2 v a log v ^r" 

For a multiplet of some particular spin with mass matrix M we can imagine working in the 
mass basis, gaining ultimately a basis-independent expression: 

d d 

c ty oc tt, tr (log M^M) = — log det M f M. (4.25) 

a log v a log v 

From Eq. (4.25), we learn important facts about the loop-induced couplings of simple 
partial compositeness setups. Since each SM fermion's mass comes from mixing with a 

5 See [30] for important corrections to couplings involving more than one power of the Higgs. 
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heavier fermion of the same quantum numbers, a naive estimate would be to realize 0(1) 
corrections c 99j77 . Due to the assumption of a Higgs invariant under a shift symmetry, 
however, this naive estimate is invalid: the global symmetry G within the strong sector 
itself is broken only spontaneously, so the composite matter content cannot generate the 
Goldstone-violating object H^H to which one would couple F I1V F^ U or G^G^ (see [31,32] 
for discussions). The Goldstone symmetry is however violated by mixing terms between 
the composite and elementary sectors, so mixing terms can be treated as spurions and loop 
effects analyzed accordingly. Using the CCWZ language, the mass mixing terms of Eq. (4.18) 
can be incorporated as follows: 

AC = Q^(if -M)Q + (\ L qlP D Q R + \ R t ] R P s Q + h.c), (4.26) 

and the picture clarified by making a rotation Q h-> ^(x)Q. 6 With this done, one generates 
interactions between a Higgs and composite and elementary fermions like those participating 
in Fig. 5. 



X X 




Figure 5: Two conspiring effects in Higgs couplings to unbroken gauge directions coming from 
Higgs mixing of elementary and composite fermions. Left: Wavefunction renormalization from 
integrating out heavy fields (bold lines), leading to modification of the light field's Yukawa coupling. 
Right: Direct loop contribution from the heavy fields. 



In the new basis of Eq. 4.26, we can go a bit further in understanding deviations in c 77 
and c gg within the framework of partial compositeness. In particular, it is worth noting an 
important conspiracy between the two effects illustrated in Fig. 5. The first diagram modifies 
the light quark's kinetic term and thus the Yukawa interaction: 

/ v 2 A 2 \ / 1 v 2 A 2 \ 

iq^$^ ^ iq^ip x \1 + — — J yhqq ^ yhqq x ll - - J . (4.27) 

The second diagram of Fig. 5 also gets a mass (M)-dependent contribution, though in 
simple partial compositeness setups it exactly cancels the effect of Eq. (4.27) for the case of 
the top quark. This is easily seen with use of Eq. (4.25), which accounts for both effects. 
The overall correction to c gg and c 77 from the top and its partners thus comes entirely from 



6 The utility of this basis change is in simplifications observed in Q's mass matrix that make symmetry 
properties more transparent. Full details can be found in [32]. 
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rescaling of the top Yukawa coupling due to nonlinearities of the Higgs as in Eqs. (4.16, 
4.17), and is independent of the spectrum of heavy fermions. In these cases, loop effects are 
accounted for by fitting couplings in the space (a, c) of Fig. 4. The bottom quark, on the 
other hand, plays a less significant role in loop couplings, but remains in a multiplet with 
a top quark and so couples strongly to the composite sector. As such, its partners can in 
principle mediate a large contribution especially to c gg [32]. 

The preceding result can be stated as an effect of the Goldstone symmetry: the heavy 
matter fields respect G and thus Goldstone-violating interactions like c gg and c 77 are largely 
insensitive to their properties. A different outcome can arise for Higgs couplings to gauge 
bosons when one of the directions is partially aligned with the broken subgroup as in h — > 
[33]. In particular we observe two terms constructed from the SU(2)l,r subgroups' field 
strengths: 7 

AC = c L tr (d^E?) + c R tr (d^Eg) , (4.28) 
which contain the desired general form 

AC = -±-A°*(x)d v] h(x) x {c L tr [[T a «, T^} T 3 L ] + c R ti [[T^,T^]T 3 R ] B^} (4.29) 

where we use 03 to denote the broken direction along which the physical Z has nonzero 
overlap, and dh as above to denote the direction associated with the composite Higgs. In 
the case of the MCHM coset discussed above, we can expand the traces with explicit forms 
for the generators T L R to find that this contains the coupling term 

AC = l 2W 2 ~ X Z{ii{X) du]k{x)F " V ' (430) 

where a is the vector coupling, Eq. (4.10), in these models. 

What we find then is the possibility to realize a correction to h — > Z^ which doesn't 
violate the Goldstone symmetry (the Higgs enters with a derivative), but does require some 
breaking of the left-right (Plr) symmetry of the composite sector such that Cl in Eq. (4.30) 
can differ from cr. Due to the preservation of the Goldstone symmetry, however, effects ob- 
tained from integrating out heavy fermions can be substantial, and 0(1) effects become pos- 
sible [33]. Explicit calculations must be carried out without the simplifying use of Eq. (4.25), 
since mass matrices can mix states with differing eigenvalues of the broken directions' gener- 
ators T| R . In the minimal coset, we identify the 10 = (2, 2) + (1, 3) + (3, 1) as the simplest 
composite representation contributing to c^ 7 in the absence of spurions from mixing with 
elementary states; this cannot be obtained from a 5 = 4 + 1 which does not by itself break 

7 The corresponding operators in the basis of the Strongly Interacting Light Higgs [18], where a doublet 
notation for the Higgs is manifest, are O hw = i (D»H^ a 1 \D V H)W^ and HB = i (D^H^ {D v B)B llv . 
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Plr- Distinct masses can be assigned to the (1,3) and (3, 1) of the 10, however, giving 



Ar V 2 771(1,3) - "1(3,1) 

c z ~ t oc N gcn x — x \ 4.31 

/ "1(1,3) + 771(3,1) 

where N gen is the number of composite generations. Considering the fact that the same Plr 
was used to suppress large corrections to the Zbb coupling [34] , simple models with large Plr 
breaking and large modifications of h — > Z7 face some tension. If Zbb is protected by an 
accidental symmetry, however, large corrections can persist and probe the flavor structure of 
the composite sector in a unique way. Such signals would nonetheless have to await further 
data for experimental verification due to their inherently meager rates [35]. 

Overall what we see in the case of the composite Higgs is that tree-level couplings serve 
as direct probes of theory naturalness and the existence of additional EWSB structure, 
while the fact that the Higgs is light forces upon us a Goldstone symmetry that tends to 
suppress loop-induced couplings mediated by additional resonances of the strong sector. If 
we expect the Higgs properties to convey hints regarding whether or not naturalness is a 
valid principle for weak-scale physics, in the composite Higgs setup we would most urgently 
hope for deviations in the dominant tree-level production and decay channels. These obvious 
hopes are facing some disappointing realities as we've seen above, though subtle effects with 
elegant explanations from compositeness may still be observed. 

We turn next to a second class of models — two-Higgs doublet models with SUSY — which 
turn out in effect to obey a reversal of the situation we've seen with composite Higgs. In min- 
imal SUSY, it is commonly the case that tree-level couplings are relatively insensitive to the 
presence of additional states in the EWSB sector in minimal setups. Loop-induced couplings, 
on the other hand, seem to have more insistent things to say regarding the anticipation of 
new low-scale physics in natural cases. 



5 Case Study II: Multi-Higgs Models and Supersym- 
metry 

We deal here with the two Higgs doublet construction that is central in supersymmetry 
and the minimal supersymmetric SM (MSSM). We focus only on the Higgs sector of these 
theories, where for the most part it suffices to consider a simple type-II two-Higgs doublet 
model (2HDM). We will make use of the fact that scalar top partners are involved in the 
MSSM in the interest of naturalness and that quartic couplings are fixed by the symmetry, 
but this is the only place SUSY will enter our initial discussion. The parameter space fits, 
for instance, are valid for both supersymmetric and non-supersymmetric type-II 2HDM. 
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5.1 SUSY and Type-II 2HDM 

The presence of a second doublet in supersymmetry is mandated by the theory itself, as 
the theory is holomorphic and anomaly- free only when both fields are present. One thus 
introduces a hypercharge 1/2 doublet H u that couples to up-type fermions, and a hypercharge 
— 1/2 doublet H d that couples to down-type; this is the defining setup of a type-II 2HDM. 
Explicitly, 

H»=( H I), H d =(S) (5-1) 



u 



where the real part of each's neutral component acquires a VEV, v u = v sin (3 and v d = v cos (3 
respectively. The light Higgs boson is thus minimally accompanied by an additional CP-even 
neutral field (H) as well as two charged states (H^) and one CP-odd neutral state (A ). We 
focus on the CP-even neutral states here, whose mass states are conventionally expressed as 



h\ /—sin a coscA /Reif° 



HI V cos a sin a I \ ReH' 



(5.2) 



The mixing angle a lies in the range [— tt/2, vr/2], though typically in SUSY theories it has 
to be restricted to the negative range in order to obtain a neutral CP-odd state A with 
mass above that of the Z boson. 

The quartic couplings in a SUSY 2HDM are fixed by the demands of holomorphy. Su- 
perpotential terms would have to couple H u H d to a gauge singlet — of which there is no 
suitable example in the MSSM — so quartics arise only from the Kalher potential through 
gauge-invariant kinetic terms after integrating out D terms, e.g. 

AC = J d A 6Hie v H u D J 9 -H\ (6 2 6 2 T a D a ) H u , (5.3) 

n 2 _l_ n' 2 

^ AC = 9 -^\H u \\ 

with analogous expressions for the other quartics. Due to these requirements, the mass of 
the lightest Higgs boson is subject to an upper bound at tree level: 

m 2 h < m 2 z cos 2 2/3, (5.4) 

which is maximized at either very large or very small tan (5. Thus the observation of a Higgs- 
like state with a mass of around 125 GeV necessitates some additional source of mass for the 
light Higgs. This mass can be accommodated within the MSSM itself, though at the cost 
of some theoretical discomfort: obtaining m h = 125 GeV requires that a substantial fraction 
of the Higgs mass come from SUSY breaking through non-supersymmetric contributions to 
quartic couplings [36], and thus reintroduces fine-tuning into the theory. The more natural 
option would be to induce some non-supersymmetric contribution to quartics from some 
other, non-minimal, source of breaking. We will discuss this further below. 
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5.2 Couplings of a SUSY Higgs: Tree Level 

The tree-level coupling structure of the light Higgs in SUSY can be easily derived. The top 
quark, for instance, couples to H u with a coefficient y t which need not be the same as the 
SM Yukawa coupling ^ SM ^: 

A£ = iy t HT e Qt c + h.c. D -^=(v u + #° + iA° u )tt c + h.c. (5.5) 

Comparing to the mass term of the SM — AC = — yf^v tt c / y/2 — we see that yt = yf^/ sin /3 
to obtain the correct top mass. In the Higgs mass basis with if° = hsma + Hcosa, we 
see also that the coupling htt c is related to that of the SM in a simple trigonometric way. 
Following equivalent reasoning for down-type fermions and gauge bosons, one obtains 

. . . cos a — sin a 

a = sm(/3-a), c u = ^—, c d = — ; (5.6) 

sin p cos p 

the form of c u and c& holds at tree-level for all up- and down-type fermions. A sensible space 
to analyze for the 2HDM of minimal SUSY is therefore that of sin a-tan /3: we show this in 
the left panel of Fig. 6. From this illustration it seems that a decoupling limit — the limit 
where all additional scalars of the EWSB sector are integrated out well above the weak scale 
and a — > (3 — 7r/2 returning the SM couplings — is preferred. 

The preference for decoupled heavy Higgs states is not a case of unnaturalness, though 
perhaps we'd have wished for a low SUSY scale generically for new scalars, in which case 
one would look for deviations from the decoupling contour in coupling fits. A possible space 
of interest for this is shown in the right panel of Fig. 6, where the plane of top and bottom 
Yukawa couplings is shown after marginalizing over the vector coupling. Here we get a 
clearer sense of values for physical couplings that are still within acceptable ranges. 

To address any remaining hope of additional low-scale Higgs states, we turn to a brief 
discussion of 'slow decouplers', i.e. places where even as the additional EWSB states are 
made heavy we could still find sizable deviations from tree-level SM couplings; for a general 
treatment we refer to [37]. Here we treat m 2 H as the decoupling parameter and fix Bfj, with 
the requirement of obtaining the correct total VEV. Then defining x = 7r/2 — (/3 — a) such 
that x — > describes decoupling, we find for the tree- level MSSM 



<Uo = ™zX-2^-. (5-7) 
This gives simple expansions in l/m# for the functions sin(/3 — a) and cos(/3 — a): 



1 /77 ^ 

sin(7r/2-a;) ~ 1--^ sin 2 4/3; (5.8) 

cos(7r/2-x) ~ -^f sin 4/3. (5.9) 
2 m A H 
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Figure 6: Fits to parameters space of type-II 2HDM. Left: The trigonometric space determining 
the Higgs properties. The fit in this space for tan (3 > 1 is dominated almost entirely by fitting the 
bottom coupling alone, as it is the only state whose coupling varies significantly with deviations 
from the decoupling limit contour (details in text). Right: Fit in the space of bottom and top 
Yukawa couplings, marginalizing over the gauge coupling in the range a = [0, 1]. 



Leading deviations in physical couplings thus have simple scaling behaviors: 

5a ~ sin 2 4/3 x £>(m^ 4 ) + . . . , 

5c u ~ cot /3 sin 4/3 x 0{m~ 2 ) + . . . , (5.10) 
5c d ~ tan /3 sin 4/3 x OimT^) + . . . , 

where we leave out higher order terms in l/m#. At large (small) values of tan {3, c d (c u ) will 
be the only coupling that varies as rajf rather than rajf (thus the 'slow decoupler'), while 
the vector coupling remains relatively insensitive to H throughout the parameter space. 

We can see slow decoupling behavior in another transparent way within the MSSM. If we 
assume tan/3 > 1 with the light Higgs living primarily in H u , then we can get a direct sense 
of the physical decoupling scale in the 2HDM space. We consider a simplified MSSM-inspired 
potential for the neutral fields of the form 

,2 I rrO I 2 , 2 I rrOI 2 



AV = m 2 Hu \H u \' + m 2 Hd \H d \ z -B^{H u H° d +c.c.) 



1 



+ § (9 2 + 9' 2 ) [(1 + SX 1 ) + |flSP - 2 \Hl\ 2 \H^\ ; (5.11) 
where <5Ai is assumed to be the dominant source of additional Higgs mass. Again trading 
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Bjj, for v, we can fix 5Xi so as to obtain a light Higgs at 125 GeV: 

5m 2 h = 5Xi x m| x 



cos a sin 3 j3 
sin (p — a) 



(5.12) 



5\i x m| sin (3. 



This leaves free a two-dimensional parameter space, allowing us to examine contours of m# 
in simple ways. Some aspects of these heavy states have been taken up recently in [38]. 
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Figure 7: Deviations in couplings from their SM values with varying second Higgs mass, m#, fixing 
the light Higgs to 125 GeV. For tan/3 > 2, the bottom is the only state state with slowly decoupling 
interactions that may indirectly probe the presence of additional Higgs scalars. We assume here 
that corrections to |i? u | 4 dominate in the potential, such that a suppressed bottom coupling (the 
region below the decoupling line) is inaccessible in the simplified model [39]. 



If Fig. 7, we show how couplings of the light Higgs to SM fields change effectively as a 
function of the heavy Higgs mass m# in the space of (sin a, tan 0). The evident conclusion 
from this is that top and gauge couplings are almost entirely insensitive to the presence of 
the second Higgs: it is only in limits where m H < 200 GeV that we would expect to find 
deviations in these couplings exceeding 5% of their SM values. The bottom coupling (cou- 
plings of down-type fermions in general), on the other hand, can experience large deviations 
even in fairly decoupled situations and thus serve as a sensitive probe of additional Higgs 
scalars in the absence of their direct detection. We refer to [40,41] for further details and 
discussion. 
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The question of whether there are additional light scalar Higgs bosons in the spectrum 
remains open. While acccurate measurement of the bottom coupling may provide the best 
indirect hints of their presence, this does not serve as indication of naturalness in the theory. 
For a SUSY theory to remain natural in the simplest way, one would anticipate a relatively 
light top partner to soften the theory's UV sensitivity. If there is indeed a light stop, however, 
one still has to understand how the Higgs acquires its > 35 GeV of SUSY-breaking mass. 
This leaves open two simple possibilities to consider: 

• Soft A-terms associated with the stop are chosen to maximize the SUSY breaking that 
enters low-energy quartic interactions; 

• New non-minimal dynamics is added to the theory. 

We turn now to a discussion of the important implications in each case. 

Light stops and Maximal Mixing: Hard SUSY breaking can be generated through RG 
running alone of SUSY-breaking mass splittings, or through threshold corrections directly 
proportional to soft terms. In the MSSM these possibilities are generated from diagrams 
like those in Fig. 8; cf. [36,42] for details. In each case, the dimensionless SUSY-breaking 
parameter is identified as either A x = A x /msusy, t = log(mg USY ), or a combination thereof. 
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Figure 8: Representative diagrams contributing to SUSY-breaking quartics. All external lines 
are understood in this case to denote H®, and the auxiliary F fields have been kept explicit for 
uniformity. Coupling conventions are as in [36]. 



In the limit where the light Higgs lives primarily in H®, the dominant radiative corrections 
to its mass enter through 5X\ of Eq. (5.11). With common soft terms and assuming large 
tan/3, the correction generated by diagrams of Fig. 8 and their running is given by 



5Ai 



A - 



12 



1 + 



16tt 2 



x t ) +t 



(5.13) 



threshold 



RG running 
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from which the optimal 'maximal mixing' arrangement A = is identified. The Higgs 
soft mass is quadratically sensitive to A, however, so in terms of naturalness this choice is 
tantamount to unmixed stops with masses of order TeV and percent level tuning. 

Working at two-loop order one finds an upper bound m^ < 135 GeV in the minimal setup, 
for which one needs a large SUSY-breaking ratio mi/m t or large A terms. Large mixing has 
interesting implications for couplings at one-loop level, which we'll discuss below. We've 
seen though that a residual tuning (which SUSY had been hoped to render unnecessary) is 
required in these cases where hard breaking terms (non-SUSY quartics) are induced from 
soft terms A and m . 

Non-minimal SUSY sectors: A simple solution to the SUSY mass problem is to couple 
the Higgs to additional sources. The remaining SUSY partners of SM fermions can then be 
relatively light and naturalness restored. Some simple prospects are the following: 

• Coupling H to a gauge singlet S with non-decoupling F terms 

AW = XSH u H d . (5.14) 

Including various additional interactions for the singlet, one generates from this basic 
superpotential term a plethora of models extending the MSSM, the simplest example 
being the next-to-minimal model (NMSSM, as reviewed in [43]) where an S 3 interac- 
tion is included, breaking a would-be Peccei-Quinn symmetry. If the scalar component 
of the S is given a large SUSY-breaking mass (it is not integrated out supersymmet- 
rically), its F term can generate a sizable contribution to \H u \ 2 \Hd\ 2 in the potential 
with coefficient oc | A | 2 and raise the tree-level mass bound on the Higgs [44]: 

AV 

m\ < m 2 z cos 2 2(3 + — - sin 2 2/3. (5. 15) 

See [45] for recent analyses with this construction. 

• Charging H under an additional (broken) gauge symmetry with coupling gs, giving 
new quartic interactions from non-decoupling D terms [46] 

AK = # f exp (-gsea^An + ■■■ + y 2 2 L>s) H (5. 16) 

Integrating out the new auxiliary fields thus generates additional quartics oc g 2 s (com- 
pare Eq. (5.3)). The gauge symmetry must be broken above the weak scale, giving 
rise to massive states associated with A. The important point, however is as in the 
case of the non-decoupling F terms: the MSSM dynamics is not solely responsible for 
generating SUSY-breaking quartics, thereby allowing the SM's partner fields to have 
generically smaller masses than in the minimal model. 
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• Coupling H linearly to a composite sector with operators O u ^ of the same quantum 
numbers as the up- and down-type Higgses, inducing EWSB with tadpoles [47-49] 



AW = \ u H u O d + \ d H d O. 



(5.17) 



Coupling the Higgs fields linearly to composite operators as in Eq. (5.17) requires a 
strong sector with properties similar to conventional technicolor, though with a con- 
finement scale A ~ 47r/ satisfying / < ^ to allow the bulk of EWSB to come from 
induced VEVs for the elementary fields: 



The mass squared for each field can now remain positive and directly control the 
physical Higgs mass. The coupling terms thus set tan (3, while m 2 Hu can be freely 
used to tune the mixing angle a. This can lead to dramatic phenomenology since the 
trigonometric functions controlling SM fermion couplings are completely independent, 
very unlike the situation of the MSSM. 

In cases utilizing one of these options, 8 the Higgs sector of the MSSM can remain non- 
decoupled, allowing for the possibility of measuring large deviations in tree-level couplings 
particularly of down-type fermions for tan/3 > 1. 

5.3 Couplings of a SUSY Higgs: Loop Level 

We comment here briefly on the possibility for large corrections to loop-level Higgs cou- 
plings that may be generated by SUSY's additional matter content. The derivation of these 
couplings follows the discussion of low-energy theorems in Section 4. As in the case of a 
composite PNGB Higgs, a breaking of the symmetry protecting the Higgs mass can be ben- 
eficial for inducing large loop-level couplings. Larger effects are typically possible here since 
naturalness, even in the minimal model, relies on the presence of new matter fields which we 
know break SUSY significantly. 9 

To recap the situation of a 125 GeV Higgs in SUSY, we have identified three possible 
outcomes: 

1. All scalar partners are heavy and the Higgs mass is generated by a large stop mass, 
yielding a very fine-tuned weak scale. 

8 There are other interesting cases where new F and D terms can both contribute to the Higgs mass [50], 
or where light SUSY otherwise accompanies (partial) compositeness of the Higgs and/or gauge bosons [51]. 

9 Strictly speaking, we cannot yet be sure of this in the relevant cases: squarks that are nearly degenerate 
with their partners can evade detection via standard missing energy signatures [52] . Stops with small SUS Y- 
breaking masses, for instance, may still be feasible. 




(5.18) 
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2. Stops are maximally mixed: they may be light, but large off-diagonal terms in their 
mass matrices are necessary, corresponding to moderate tuning. 



3. SUSY remains fully natural: the dimensionless SUSY-breaking parameters mi/m t and 
A t /mi are both small and the light Higgs acquires its mass elsewhere. 

In the first case, the light Higgs may well appear indistinguishable from that of the SM if 
the additional Higgs states are also heavy. In the third case we could reasonably expect to 
observe deviations in the tree-level couplings, primarily again those involving the bottom 
quark as discussed above. We focus now on the second possibility, where loop effects would 
be most relevant (as has attracted much revived attention recently; cf. [53,54]). In particular, 
corrections to the effective couplings c gg and c 77 may be substantial. The current best fit in 
this space with other couplings fixed to their SM values is shown in Fig 9, where the prospect 
of new contributions begins to look inviting. Note importantly that even highly-mixed stops 
do not improve the fit for any arrangement of masses. 10 

In the presence of large mixing terms for the SM fields' partners, we can realize a situation 
that seems more promising with respect to Fig. 9. 11 An improvement in fit can rely for 
instance on the form of the mass matrices for superpartners of generation % 

2 fm 2 Q .+ml i + 0(g 2 v 2 ) m Ui X Ui \ 

* ~ V rn Ui X Ui <+< + <%V)J' ^ 



m di X di m 2 +m 2 +0(g 2 v 2 ^ 



and the following simple observation starting from Eq. (4.25): 

C "' C ^ °" [m\ x m\ 2 - mf 2 ) \ 22 dv + ™ n dv dv J ' 

i.e. large values of the mixing parameters, X u . = A u . — //cot/3 or X d . = A d . — /itan/3, 
can lead to contributions of the desired sign for both c gg and c 77 . When off-diagonal terms 
dominate the diagonal terms in Eq. (5.21) we access region I of Fig. 9, otherwise we access 
region II. The shaded regions can be accessed only with the participation of more than one 
charge species. 

The slope for contributions of any individual species is fixed, but more generally an 
optimized ratio of electric and color charges can be easily devised for additional fields. For 

ln This assumes contributions remain in the SM neighborhood. The space we show actually has four 
solutions, where the three not shown can be generated from the first by recognizing a reflection symmetry 
about the lines c gg = — 1 and c 77 = — 1. 



li 



For recent approaches to realizing modifications of loops, particularly in gluon fusion, cf. [55]. 
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Combined Likelihoods: ATLAS + CMS + Tevatron 

1.0 



0.8 
0.6 
0.4 

<0 0.2 
0.0 

-0.2 



-0.4 

-0.4 -0.2 0.0 0.2 0.4 

c gg 

Figure 9: A fit to BSM contact operators h — > 77 and h — > gg, setting other Higgs couplings 
to their SM values. We restrict priors to the range where effects of new matter fields do not 
'overshoot' the SM contribution [56]. Hatted couplings c are normalized by corresponding SM 
quantities, with positive c 77 corresponding to constructive interference with W loops and positive 
Cgg to constructive interference with top loops. We indicate lines along which new contributions 
from color fundamentals (denoted generically as 'squarks') of varying electric charge would lie (cf. 
Eq. (5.22)). The shaded regions are inaccessible when only one species contributes significantly. 




a fundamental of SU(3)c, a heavy state of electric charge Q traces out a line in the space of 
(c gg , c 77 ) shown in Fig. 9 with slope 



c rr ~- .6xQ 2 , (5.22) 



c gg 



the numerical prefactor arising from normalizing c 77 by its SM value (compare Eq. (5.24) 
below; see also [57] for a similar analysis). 12 New contributions along these contours can 
then be determined in terms of masses. Taking squarks, as an example: 



1 b ( m\ + rrr[_ m 2 q X 2 

2&1/2 m \ m i m g 2 



Cgg - ou \ ^2 + ^2 ^2 '2 I ■ (5.23) 



12 The sign of the slope can be understood from the low-energy theorems: matter fields enter the QED 
and QCD beta functions with the same sign, but interfere destructively with the dominant W loops in the 
coupling with which we normalize c 77 (e.g. the top quark enhances gluon fusion but reduces h — > 77). 
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For uncolored doublets with physical masses m~ ix and mass rrii for the SM partner, we look 
directly at contributions to h — > 77. Neglecting contributions from the b quark, we find 



"77 



Of ( mfXt 
2 b 1/2 3Q 



1 1 
m~ m~ 



2 

7717 




(top) 

77 



(W) . (top) 



77 



+ C 



77 



(5.24) 



:7/25 



The current situation is such that an electrically charged and colored matter field (scalar 
or fermion) with large mass mixing and a large electric to color charge ratio approaches 
the best fit. We note the particular possibility of invoking new contributions to c 77 alone, 
which can provide an attractive option if excesses in the diphoton channel persist while 
other couplings remain SM-like. Even within minimal SUSY, this could be generated in the 
presence of highly-mixed light sleptons like the stau [53]. We show this in Fig. 10, starting 
with Eq. (5.24), and trading X T for a mixing angle 8 T via the identity 



sin2# T 



2m T X T 



rrif 2 — m fl 



(5.25) 



Many interesting considerations — both experimental [58] and theoretical [59] — attend this 



from light staus [ 6 T = n/4 ] 




from light staus [ 9 T = n/S ] 




nif 



Figure 10: Contributions to c 77 from light staus. Left: Highly mixed {6 T = vr/4) scenario. Right: 
Moderate mixing {9 T = vr/8). In both cases the 68% CL region is highlighted in yellow; the 
remaining space lies within the 95% CL region. 



scenario, and we defer to those references for further details. It is in any case important to 
keep in mind how these conclusions depends on the treatment of all other couplings in the 
theory (cf. Table 1 of the following section). 
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6 Conclusions and Outlook 



In the absence of any new physics beyond the Higgs discovered in the near future, significant 
theoretical effort can be guided by the information provided by the Higgs itself. As such, it 
would be useful to identify the directions in a global space where gradients of Higgs likelihoods 
are large: this corresponds to identifying the linear combinations of effective operators that 
most effectively minimize the total chi-squared of the fit. The most promising directions 
for BSM physics would be those in which the chi-squared deviation of the best fit point 
compared to that of the SM point is largest. There are few obvious prospects at present 
however, as we find with our best fit points of the global spaces summarized in Table 1. It 



Space 


Best Fit 


X 2 /dof. 


SM 




3.91 


ID 


H = 1.03 


4.23 




c 77 = 0.21 


3.97 


2D 


(a,c) = (1.03,0.88) 


4.56 




(c 77 , c gg ) = (0.27, -0.07) 


4.28 


3D 


{a,c b ,ct) = (1.12,1.13,0.97) 


4.98 


5D 


(d, Q), Cf, C 77 , Cgg) 

= (1.02,1.35,0.55,0.12,0.65) 


5.76 



Table 1: Best fit points and chi-squared per degree of freedom in various parameter spaces. Im- 
provements over the SM from additional fit parameters are only marginal in the spaces we explore. 

appears that the experimental outcome is leaving little hint in terms of glaring discrepancies 
and directions for BSM physics in these terms. The notable exception of an excess in the 77 
channels makes an interesting case for enhancing only the parameter c 77 , the one remaining 
place in the data where the SM faces some competition. 

Many other scenarios can be, and have been, considered in similar ways to those we have 
covered here. We note some other scenarios that have been studied in light of Higgs data 
for the sake of comparison: 

• The signals observed at the LHC could be coming from a 'Higgs impostor', as in the 
case of a light dilaton [60]. 

• The Higgs could decay invisibly, as studied in Refs. [61]. 

• The Higgs signals could overlap with additional states that mix directly with the Higgs, 
as in the 'social Higgs' scenario of [62]. 

Indeed many other possibilities could be explored. Here we have focused on giving simple 
demonstrations of how questions of the nature of the Higgs can be answered in general. 
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The experimental situation regarding the Higgs boson will remain in flux as additional 
data is taken. As such, it is too early to draw definitive conclusions. It appears at this 
point that the SM, or some theory with fairly decoupled additional states, is emerging as 
a promising candidate. We have reviewed here the ways in which this information bears 
on two landmark scenarios for naturalness at the weak scale. For the case of a composite 
Higgs, the apparent lack of large deviations in tree-level couplings is already an indication 
that there would remain some tuning at the percent level in such theories, while loop-level 
couplings that would be most interesting in these cases (e.g. h — > Z7) must await future 
data. For SUSY, on the other hand, interesting anomalies in loop-level couplings allow for 
the possibility of new physics that is on par with the goodness of fit of the SM. In both cases, 
it is these loop-level couplings which can start to probe the details of the theory to which 
tree-level couplings are less sensitive. 

Under the reasonable assumption that the state discovered near 125 GeV is indeed a Higgs 
boson, or the Higgs boson, we have already learned a remarkable amount about the nature 
of weak scale physics and how electroweak symmetry is broken. The presence of additional 
symmetries that might play a role at this scale may take much longer to ascertain, but 
these symmetries will have to play a part in determining the more detailed properties of 
the Higgs if they are at all relevant for stabilizing its mass. This makes for a sensational 
period in the field of particle physics, one in which we are well-advised to study every detail 
of experimental information that is made available to us in order to catch any hint of new 
physics that the Higgs might be carrying with it. 
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A (Re) Constructing Higgs Likelihoods 



We review here three methods for constructing Higgs likelihoods given various inputs from 
experimental collaborations. These likelihoods are minimally functions of three variables: 
the number of signal, background, and observed events. We present methods of determining 
the approximate form of these functions in three different cases, which have thus far proven 
sufficient in assembling all data into parameter space fits. The distinct criteria for each 
method are as follows: 

1. Event yields are quoted directly along with estimated signal and background rates 
together with their respective uncertainties. 

2. A clear peak has yet emerged and only exclusion data are available. 

3. A peak has emerged and best fit values for the signal strength modifier are given. 

The total likelihood can be assembled simply by constructing and combining the likelihood 
for each individual (sub)channel in one of the ways outlined here. 

A.l Constructing Likelihoods from Event Yields 

Likelihood profiles as functions of the signal strength modifier fi — with its generalization to 
R in multidimensional cases — can be constructed directly from event yields with known sig- 
nal and background central values and uncertainties. The likelihood is treated as a Poisson 
distribution, with background and signal values themselves distributed according to some 
appropriate function (typically a truncated Gaussian or a log-normal distribution). In prin- 
ciple one should marginalize not just over uncertainties in background and signal rates, but 
over many additional 'nuisance parameters'. We find in practice however that limiting the 
problem to just these two — signal and background — a suitably accurate approximation can 
be obtained. 

The underlying statistical reasoning is that of Bayes' theorem: we observe n Q b s events in a 
given channel, and compute the posterior probability that such an observation is compatible 
with a predicted number n = n-Q + /j,ns, with understood to denote the predicted number 
of signal events within the SM . Bayes' theorem tells us that this can be computed as follows: 

L(n\n ohs ) = 7r(X) x L(n obs |n). (A.l) 

Here vr(/i) is the Bayesian prior, which is assumed to be flat in the cases we consider. The 
final form of the likelihood can thus be written 

L(n) = 7r(/i) x (n B + p s )"» te e- (nB ^" s) , (A.2) 
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where now 7r(/x) absorbs factors that do not introduce additional /z-dependence, i.e. the prior 
amounts simply to an overall normalization. For notational simplicity we will discard this 
factor in what follows with the understanding that all likelihoods will ultimately have to be 
properly normalized in the space under consideration. 

Taking account of uncertainties in signal and background, we promote ns,B to variables 
#s,b and integrate (marginalize) over their respective distributions /(6*s,b, o"s,b), i-e. 



The choice of distribution functions, f(9,a), depends on the details of the given channel: if 
either of ns,B is small and its uncertainty large, a log-normal distribution is used to ensure 
that the event counts remain positive. In cases where counts are large and uncertainties 
relatively small (as is typically the Gaussian distribution truncated at 8s b = can 

be reliably used. Note that the marginalization over uncertainties is bound to introduce 
some degree of non-Gaussianity in the likelihoods even when the event yields are large. 

A. 2 Reconstructing Likelihoods from Exclusion Contours 

In cases where a clear peak in the data has not yet emerged, it may be the case that 
only exclusion data are available. Such data provides only two constraints — the expected 
and observed exclusions — on our three-dimensional likelihood, giving a problem that we are 
naively not able to solve. In practice, however, it is usually possible to obtain an accurate 
reconstruction of the full likelihood from this limited information. Note a crucial point here 
that the likelihoods we reconstruct have already been fully marginalized, so we deal only 
with the Poisson distribution in its Gaussian limit; cf. [11] for details. 

The expected exclusion limit at a confidence level a corresponds to integrating the like- 
lihood L{n-Q + /ins|ne) to a critical value \i = /zixp such that an integrated fraction a is 
captured, i.e. one assumes all observed events arise from background only and determines 
the value /4x P where this hypothesis fails at the level a. In the Gaussian limit, we have 




d6 s d6 B (0 B + ^s) nobs e-^+^s) /( S> as) /( B> aB y 



(A.3) 




(A.4) 



Properly normalizing the likelihood, one obtains 




(A.5) 



e.g. at 95% CL we have 




(A.6) 
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Taking the expected exclusion limit from collaboration data thus tells us a specific ratio of 
signal to background events. 

Incorporating the observed exclusion limit — again in the Gaussian limit — we find it con- 
venient to recast the Gaussian and express the integral as follows: 

2" 



(a) 
^obs 

< \ : ■ / d/i exp 
'o 



n B \Aw 



where we've defined 



»b - n ohs 



(A.7) 



(A.8) 



Now if we assume that the number of signal events is small compared to background, i.e. 

2" 



n bs - n B 
n B 



< 1 



— > exp 



1 / n s 

H—^=. + o 



n B 



(A.9) 



we find from Eqs. (A. 5, A. 6, A.7) 



a 



(«) 

/"Mobs 

/ d[i exp 
Jo 



1 ( V2fx 



erf 1 (a) + 5 



(A.10) 



Now setting to its experimentally determined value, Eq. (A.10) can be solved numerically 
for 5 and the likelihood in Eq. (A.9) is fully determined as a function of /i. 

This method is useful, as advertised, in cases where best fits are not quoted. In cases 
where we can explicitly check its accuracy (cases where event yields or best fits are also 
quoted) we find deviations from the 'true' likelihood of order 15% or less over the entire range 
of n; global fits performed using this approximation however turn out to agree with official 
results at the level of ~ 10% in the Higgs searches for < 400 GeV. Such approximations 
may thus be useful in assessing the properties of other significant fluctuations that may 
appear in the Higgs searches at higher scales. 



A. 3 Constructing Likelihoods from Best Fits 

Reconstructing likelihoods becomes a particularly simple task when best fit values and error 
bands are given for the signal strength modifier of each channel. At early stages of data tak- 
ing, non-Gaussianities can be sizable, so we adopt an approach to accommodate asymmetric 
uncertainties. We construct a likelihood by joining two separate (half) Gaussians, L^, fit to 
either side of the central value of the signal strength modifier, fx. Each distribution is defined 
by its respective variance, a±, corresponding to the appropriate uncertainty. Explicitly, 

L^)ocexp ~ ( 2 ^ )2 . (A.ll) 



31 



This procedure provides an accurate reconstruction of likelihoods when other presentation of 
the data is not available. Its reliability is demonstrated in Fig. 11. Albeit seemingly ad hoc, 
marginalization of nuisance parameters will inevitably give non-Gaussianities, so some sort 
of accommodation of asymmetric uncertainties is necessary. The use of two-sided Gaussians 
is the simplest implementation of this requirement. 

A. 4 Data Used in Fits 

We collect the data used in all fits in Tables 2-4. In all cases the likelihoods have been 
constructed or reconstructed using one of the three methods outlined above, and we note 
this accordingly in the tables. 



Channel 


A (7 TeV) 


C (G,V,T) (%) 


A (8 TeV) 


C (G,V,T) (%) 


Refs. 


bb 


comV) w/8 




-0.42 ± 1.05 


fO 100 0) 


[63 641 


bb (ttH) 


3.81 ±5.78** 


(0, 30, 70) 








TT 


comb, w/8 




0.7 ±0.7* 


(20,80,0) 


[65] 


WW (Oj) 


0.05 ± 1.21* 


inclusive 


1 Q2+ 108 * 


inclusive 




WW{lj) 




inclusive 


i-39ii:ZT 


inclusive 


[66] 


WW (2j) 












ZZ 


comb, w/8 




1 O+0.5 
-■■• o -0.4 


inclusive 


[67] 


77(L) (uc|ct) 


0.53^ 44 


(93,7,0) 


1.01 ±0.89 


(93,6.8,0.2) 




77(H) (uc|ct) 


17+ 1 - 94 

V- 1 ' -1.91 


(67,31,2) 


0.32 ± 1.17 


(76,22,1.7) 




77(L) (uc|ec) 


o ci +1.66 
^• 0i -1.69 


(93,7,0) 


2.85 ± 1.18 


(93,6.8,0.2) 




77(H) (uc|ec) 
77(L) (c|ct) 


10.39±1;|? 


(65,33,2) 
(93,7,0) 


1.77 ± 1.41 
1.50 ± 1.25 


(76,22.8,1.2) 
(93,6.8,0.2) 




77(H) (c|ct) 


-±A0±{f 6 


(67,31,2) 


0.97 ± 1.54 


(77,21.3,1.7) 




77(L) (c|ec) 


r, -q + 1.91 

z - ,o -2.02 


(93,7,0) 


2.33 ± 1.21 


(93,6.8,0.2) 


[68,69] 


77(H) (c|ec) 


l.OO_ 2 .88 


(65,33,2) 


0.52 ± 1.57 


(75,23.7,1.3) 




77 (c trans.) 


n QC+3-56 
U ' OO -3.60 


(89,11,0) 


1.99 ± 1.99 


(90,9.7,0.3) 




77 (dijet) 


2 6Q+ 1 - 87 


(23,77,0) 








77 (high mass jj) 






2.00 ± 1.09 


(31,68.9,0.1) 




77 (low mass jj) 






3.61 ±2.14 


(60,38.4,1.6) 




77 (lcpton tag) 






1.20 ±2.36 


(3.2,78.8,18) 





Table 2: ATLAS data used in fits. Best fits on signal strength modifier fi with efficiencies ( (when 
provided) for gluon (G), vector (V), and top (T) initiated production. A best fit marked by * 
indicates that the fit comes from a likelihood we have constructed directly from event yields; ** 
indicates likelihoods reconstructed from exclusion data (cf. Appendix A for details on reconstruc- 
tion). In the 77 channels, 'uc' ('c') corresponds to mostly unconverted (converted) photons, 'ct' 
indicates both photons registered centrally while 'ec' indicates one or more of the photons registered 
in the endcap, and the subscripts (H, L) denote high and low pr- 

We note also that in certain cases where results are not presented separately, we've used 
LHC data from the 7 and 8 TeV runs in its combined form. Recall that rescaling factors 
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Channel 


p, (7 TeV) 


C (G,V,T) (%) 


u (8 TeV) 


C (G,V,T) (%) 


Refs. 


00 


comb, w/8 




1 qn+0.68 

1-30_ 059 


(L), 1UU, I) J 


[70] 


00 (tlH ) 


n O1+2.05 


( n qh 7^ 
(U, oU, ( UJ 






[71] 


TT (V/1J) 


COIIID. W/ o 




n so + n sfi 


inclusive 




tt (\TTKV\ 
TT \ V Dr ) 


COIIlD. w/ o 




n fiQ + fl so 
u.oy m u.ou 


yU : 1UU, U ) 


f79l 


TT [ V tl) 


comb, w/8 




u.y4_ 1 94 


(d 1 nn pa 
I^U, 1UU, u ) 




ww (n /i i"i 

VV VV \\J / LJ J 


comb . w/8 




U. i it U.ZD 


inclusive 




WW (On\ 

VV VV [ZJ ) 


comb, w/8 




n n r+0.73 


U ' , U) 


[73j 


ww f\/rn 

WW { V xl ) 


comb, w/8 




n 01+2.24 


I^U, 1UU, u ) 




Zj Zj 


comb, w/8 




U.oU ± u.oz 


inclusive 


[74J 


77 (inc. 0) 


o lfi +i.8U 
J - 1D -1.85 


\yL : 00, O J 


— 1 25 


^Do, ZO, <± J 




77 line i j 


n fifi+ - 94 

U - D0 -0.97 


too i o n"; 


i co+1-02 
i - oz -1.05 






77 (inc. 2) 


71+ 1 - 18 

u - ' L -1.15 


(92,8,0) 


0.94 ± 1.15 


(92,8,0) 




77 (inc. 3) 


1.52 ± 1.62 


(92,8,0) 


3.77 ± 1.78 


(92,8,0) 


[75] 


77 (dijet) 


a 10+2.O6 
4.18_ 204 


(27,73,0) 








77 (dijet loose) 






-0 60+ 2 01 

U.OU_ 2 .06 


(53,47,0) 




77 (dijet tight) 






1.31 ±1.57 


(23,77,0) 





Table 3: CMS data used in fits. In the diphoton channels, the notation adopted is that of [75]. 



Channel 


/} (2 TeV) 


C (G,V,T) (%) 


Ref. 


bb 

WW 

77 


i - a '-0.68 
U - OZ -0.32 


(0,100,0) 
inclusive 
inclusive 


[76] 



Table 4: CDF/D0 data used in fits. 



for Higgs production will typically be of the form (neglecting ttH and assuming c t > q, iT to 
dominate gluon fusion) 

Rx = a 2 x Ci V) + (ct + c gg f x Ci G) (A. 12) 

where we take V to denote both VBF and VH, G to denote gluon fusion. Failing to account 
for the differences in cross-section from energy E\ to energy Ei thus introduces an error in 
the relative weight of each respective term: 

cW = 1 _f^) x ^)V e ^ = l-f^x^4|4V (A.13) 

Between 7 and 8 TeV, these are of order 1%. Thus in cases where efficiencies are known to 
be approximately the same for each run, the error introduced by using a single likelihood 
from the combined data is negligible. 
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A. 5 A Note on Correlations 

We comment here on the effect of correlated systematic uncertainties in interpreting data 
from Higgs searches. At present correlations among sub-channels within a given search 
mode are not provided by the collaborations. When combining channels as has been done 
throughout this work, it is therefore tacitly assumed that all sub-channels are uncorrelated. 
This is clearly an approximation that will need to be improved with future data. 

The absence of information regarding correlations in fits of Higgs couplings is however 
not a significant limitation with the current level of statistical uncertainty; satisfactory fits 
at this point are obtained constructing likelihoods for each exclusive channel and combining 
each assuming zero correlation. To do otherwise is to use data that has already been com- 
bined by the collaborations accounting, such that correlations are properly encoded. In this 
case, however, one would not know which efficiencies to use for weighting each coupling in 
the production rescaling factor. There is thus a necessary tradeoff between accounting for 
correlations and accounting for efficiencies. 

In Fig. 11 we test the validity of neglecting correlations in favor of proper efficiencies 
by comparing our reproduced best fit in (a, c) space to that derived by CMS, using a fully 
exclusive breakdown for the 77 final state. We use the only official results yet released where 
all channels entering the fit have been specified and made separately available [77]. We have 
compared this to the alternative of using pre-combined data for the untagged 77 channel 
under the assumption of simple inclusive production. We find an error on the best fit point 
of less than 1% proceeding with the exclusive treatment, compared to an error or order 10% 
obtained using a semi-inclusive (pre-combined) treatment. We thus find it preferable to rely 
on exclusive breakdowns and their quoted efficiencies whenever possible. 

B CCWZ Formalism for a Composite Higgs 

Here we review the basic structures that we use as ingredients in composite Higgs model 
building. Further discussion of the formalism's construction and details can be found in 
the original literature [15] as well as in review articles on effective field theory; see for 
instance [78]. 

We assume a global symmetry G broken to a subgroup H, with transformations of G 
(H) denoted by U (V). The global group is generated by matrices that we label with 
capital indices: T A . When needed, the generators of the unbroken and broken subgroups 
respectively are specified with unhatted and hatted lowercase indices: T a and T a . The pions 
characterizing the coset space are collected in the following matrix transforming as indicated: 




(B.l) 
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Combined CMS Likelihoods \yy Fully Exclusive] 

2.0 



1.5 



C 10 



0.5 



0.0 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

a 

Figure 11: Higgs couplings to vectors and fermions combining all search modes and using fully 
exclusive 77 channels assuming zero correlation, compared to official results provided from CMS 
data sets with « 5/fb at 7 TeV and « 5/fb at 8 TeV [77]. The reproduced best fit point is found 
to align with the reported best fit at the percent level. 

Gauging global symmetries can be included through a (partially) covariant derivative: 

D4(x) = d4(x) - igA*T A i(x). (B.2) 

This form is not quite the covariant object we'd like, since we want to write models in a way 
that explicitly preserves H. For this we introduce the Cartan form and its projections, 
Efj, (dfj), along unbroken (broken) directions: 

C, = i?(x)D^{x) = E;T a + dlT' a . (B.3) 

Explicitly, 

E; = tr(C,T a ); dj = tr(C»T & ). (B.4) 

The projections have nice covariant transformation laws as a gauge field and adjoint, respec- 
tively, of H: 

E{k = E;T a ^V(E^ + td,)V\ (B.5) 
dfi = d%T' a ^Vd^. (B.6) 
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68, 95% Contours 

CMS (Official) 

Reconstructed 

Best Fits 
O CMS (Official) 
Reconstructed 




For reference we note that expanding in pion fields with the conventions adopted thus far, 
one finds for the SO(5)/SO(i) coset 

4 = A%x)-^[D,n(x)f + 0(n 3 ) (B.7) 
E; = A;(x) + j- 2 [n(x)^n(x)} a + 0(n% (B.8) 

where A*(x) = Afa) tr (T A T a ), etc. 

With transforming as a gauge field of H, it can be used to construct a covariant 
derivative for the other representations of H, and the gauged directions' field strength 
tensor E^ u : 

V M = dp-iEp, (B.9) 
Efxu = i\y ii ,V v \ = d lt E v -d v E li -i[E lt ,E v \ 

The use of the H covariant derivative allows all Higgs interactions with matter content Q of 
a composite sector to be compactly encoded in kinetic terms, AC = Q\i^7 — M)Q. 



C Standard Formulas for Loop-Mediated Higgs Cou- 
plings 

The Higgs production cross sections are given by the following rescaling of the SM quantities 
(denoting V = W,Z): 



CtFi/2 [ 



) + c b F 1/2 



Am^ 



Ami 



+ F1/2 



■Ami 



°{gg ->■ ^)sm 



(C.l) 



a(qq ->■ qqh) = a 2 a(qq -> qqh) SM 
<j(qq — > Vh) = a 2 a(qq — > Vh)sM 
°{gg, QQ ->• tth) = c 2 a(gg, qq ->■ tih) SM . 

Loop contributions from heavy particles (spin one, 1/2, zero, respectively), are encoded with 
the functions 



Fi(r) = 2 + 3r + 3r(2-r)/(r) 
F 1/2 (r) = - 2r [1 + (1 - r)/(r)] 
F (r)=T[l-Tf(r)] 



(C.2) 
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The Higgs branching ratios are likewise determined by rescaling the SM Higgs partial 
widths. The formulas for these are (denoting by / any of the SM quarks and leptons): 



r(h ->■ vv) = 
r(h //) = 

T(h gg) = 

T(h -> 77) = 
T(h ->• Zi) = 



a 2 r(h^VV) SM 
c 2 f T(h^ff) SM 

CtFi/2 + c b F 1/2 



>////)sM 

Mt)+M^)l 

|c t /*(m h ) + c h I*(m h ) + c T i: f (m h ) + aJ 7 (m ft )|' 
|/ 7 (m ft ) + J*(m h ) + /;(m ft ) + J 7 (m fe )| 2 

\c t I Zl (m h ) + c b I b Zj (m h ) + c T I Zj (m h ) + a J Zj (m h ) 



(C.3) 



r(/i 77) 



SM 



SM- 



|4 7 (^) + 4 7 (^) + I T Zl (rn h ) + J Zl {m h )\ 

Thus r tot (/i) is the sum of the above partial widths and BR(/i — >■ X) —Y{h—¥ X)/T tot (h). 
The functions I and J at one-loop level are given by 
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i;(m h ) 

mrrih) 



F 1/2 (Am 2 /m 2 h ) (l - ^) , = gF 1/2 (4m 2 /m 2 ) (l " f ) 



F 1/2 (4m^/m^), J 7 = F^m^/m 2 ,) 



4(1 



sm' 



7 6 



^Z 7 (™ft) 



Jz-y(m h ) = 



sin 6*14/ cos 6V 

2(-^ + f sin 2 ^) 
sin 9 W cos 6*^ 

2 (-^ + 2 sin 2 ggj 
sin 6w cos 

cos#vf 
sin 9 
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Am, Ami 



rn 



2 ' 



mi 



-h 



f^^lfl-^), (C4) 
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with 



/(*) 



[sin-MVv^)] 2 



— VK 



and 



#(x) = 



\Jx — 1 sin 1 (l/y/x) 
For discussion of these results, see for instance [79]. 
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